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Abstract Structure formation in food materials is influ-
enced by the ingredient properties and processing con-
ditions. Until now, small structural elements, such as fibrils
and crystals, have been formed using self-assembly, while
processing was applied to create relatively large structures.
The effect of self-assembly under flow is rarely studied for
food materials, but it is widely studied for non-food
systems. The use of well-defined flow, often simple shear,
turned out to be essential to study and control the structure
formation process in foods as well. This observation
encouraged us to develop a number of different shearing
devices that allowed processing of biopolymer systems
under simple shear flow. This paper reviews our main
findings. In the case of protein fibrillization, the shear rate
was found to control the growth rate as well as the
properties of the fibrils formed. In the case of dough
processing, simple shear flow made the product more
process tolerant and induced gluten migration. The use of
shear flow for dense caseinate dispersions led to hierarchi-
cally structured and fibrous material. Based on the
presented results, we conclude that introducing simple
shear flow in food structuring processes can lead to a much
broader range of structures, thereby better utilizing the full
potential of food ingredients.
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Introduction
Structures in food or food-related materials are formed
through self-assembly or forced assembly. Self-assembly is
the spontaneous formation of small structural elements
such as aggregates, fibrils or micelles through molecular
attractive properties. Forced assembly leads to the creation
of large structures with their formation being fully
controlled. However, a size range exists, e.g., colloidal
domain structures (10 nm–10 um), where structure forma-
tion is strongly influenced by both self assembly and
superimposed process conditions. Until now, most structur-
ing processes such as extrusion or spinning do not make
extensive use of the self-assembly potential of biopolymers.
As a result, the products obtained are not structured on a
molecular and microscopic scale. For example, it was
reported that soy proteins remain globular and randomly
ordered on a microscopic scale after spinning, while the
product obtained was macroscopically anisotropic.1 The
lack of structuring molecular of microscopic scale can be
explained by the fact that the flow inside the equipment
used is not well-defined and varies with the actual position
inside the equipment.2,3
When looking at studies in which model systems are
studied, researchers often make use of simple shear flow. It
allows them to make a broad range of structures for a given
composition.4–7 In addition, the structure formation could
be followed by measuring the effect of the shear rate on the
rheological properties, such as viscosity and normal
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forces.8,9 These studies indicated that the structure forma-
tion is a result of interactions present in the dispersion in
relation to the shear stress applied. The exact nature of the
interactions depends on the model system studied. In the
case of a colloidal dispersion, long-range electrostatic
interactions and short-range Van der Waals interactions
affect the structure. For polymer solutions, depletion
interactions or entanglements might play an important
role.10,11
Using this information, we started to develop processing
systems, so-called shearing devices, for (concentrated)
biopolymer systems. The use of these shearing devices
allowed us to create a wide range of interesting product
structures. The shearing devices are unique in the combi-
nation of a simple shear flow profile and large shear
stresses. Secondary flows such as Taylor flows were
suppressed by using sufficiently low shear rates. In this
paper, we summarize our main findings in three different
applications: (1) protein fibrillization, (2) dough systems,
and (3) dense caseinate systems.
The Role of Simple Shear Flow in Protein Fibrillization
Various protein solutions (β-lactoglobulin,12 lysosyme,13
ovalbumine,14 soy15) can form fibrils when they are heated
at low pH, using a low to moderate protein concentration
(0.5–7 wt%). In the case of β-lactoglobulin, the fibrils
formed have a typical thickness of ∼4 nm16 and a length
between 1 and 10 μm (Figure 1). The fibrils are formed
through a nucleation and growth mechanism. The formation
of the nucleus of a fibril will predominantly be controlled
through self-assembly because of the small size of this
nucleus. However, once a fibril is formed, flow could
influence the growth process.
Akkermans et al.17 studied the effect of simple shear
flow on the fibril growth of whey protein isolate (contain-
ing ∼70% β-lactoglobulin). Figure 2 shows the shearing
device that was used during this study. It was derived
theoretically (based on the tumbling motion a fibril makes
in the flow field of simple shear) that the fibril growth rate
scales with  +2=3 assuming that the growth is limited by the
supply of protein monomers. Up to moderate shear rates
+  337s1Þð , this scaling rule could be applied to the
experimental results. At a higher shear rate, the experimen-
tally observed growth rate was lower, probably due to the
Fig. 1 Transmission electron microscopy micrograph of fibrils
obtained after heating a 5.2 wt% whey protein isolate solution at
90 °C for 2 h at pH 2 using a shear rate of 337 s−1
Fig. 2 Shearing device with rotating inner cylinder (diameter 40 mm)
and static outer cylinder (diameter 42 mm)
Fig. 3 Shearing device used for processing concentrated biopolymer
systems. The diameter of the upper cone is 12 cm. The cone angle is
100°, the angles between the cones are 2.5°. The rotational speed can
be varied from 5 to 250 rpm, leading to a shear rate ranging from 12 to
600 s−1. The maximum shear stress that can be applied is 40 kPa. The
system is temperature controlled through an external water bath. More
details can be found in Peighambardoust et al.19,23 and Manski et al.24
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fact that a high shear rate interferes with the formation of
mature fibril bonds. Up to moderate shear rates
+  337s1ð Þ, the shear flow also influenced the length of
the fibrils: a higher shear rate (up to 600 s−1) resulted in
shorter fibrils. From this work, it was concluded that the
shear rate can be used to control the total fibril length
concentration and length of the fibrils formed.
The Role of Simple Shear Flow in Dough Systems
Wheat dough is made by combining flour and water upon
mixing. When mixing dough, the gluten phase forms a
continuous network throughout the dough. This network
formation can be interpreted as a local phase separation of
starch and gluten, which is governed by the ability of gluten
to aggregate and the dilatant behavior of starch.18 The
typical size of a gluten domain remains rather small upon
mixing. Prolonged mixing disrupts the gluten network,
resulting in a homogeneous dispersion (Figure 4).
Peighambardoust et al.19–21 studied the effect of simple
shear flow on dough using an in-house developed shearing
device (Figure 3). The design of this device was based on a
cone-in-cone system. This device enabled us to process
dough using a comparable energy input (100–500 kJ/kg) as
applied during traditional dough mixing in a Z-blade mixer.
It turned out that simple shear processing made the gluten
process tolerant. The amount of glutenin macro polymer
(GMP) that could be extracted from the dough using a 1%
sodium dodecyl sulfate solution remained constant upon
shearing. Besides, the sheared dough kept its strain-
hardening properties, and the dough did not become sticky
upon prolonged shear processing. When the dough was
mixed in a Z-blade mixer, the amount of GMP decreased
sharply upon processing. In addition, the dough lost its
strain-hardening properties and became sticky upon pro-
longed mixing. Using confocal scanning laser microscopy
(CSLM), it was observed that the gluten network formed
after short mixing was disrupted completely after longer
mixing. In other words, prolonged mixing of dough led to
over-processing contrary to shearing.
When the dough structure was analyzed, it was
observed that simple shear processing transformed the
relatively homogeneous dough into a rather heteroge-
neous material as a result of local separation of starch
particles and gluten (Figure 4). Although most of the
gluten patches were slightly anisotropic, there was no clear
correlation with flow direction. Structures oriented perpen-
dicular to as well as parallel with the flow direction were
obtained. Compared to mixing, gluten could form very
large structures. Peressini et al.22 showed that the shear rate
could be used to control the gluten domain size. At low
shear rate + ¼ 7:4 s1ð Þ, the gluten domains were clearly
visible by eye, suggesting that the domains were at least
several millimeters in diameter.
Fig. 4 CSLM pictures of dough microstructures: a Starting material (hydrated dough); b prolonged Z-blade-mixed dough; and c simple sheared
dough. Starch is green, gluten is red, and air bubbles appear as black spots
Fig. 5 Separation of dough (dry matter content 56 wt%) into gluten
and starch. The dough was sheared at a constant shear rate of 24 s−1
for 60 min at 10 °C using the shearing device shown in Figure 3
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When shearing dough in a curvilinear shear field,
Peighambardoust et al.23 showed significant gluten migra-
tion towards the apex of the cone. Figure 5 shows the
separation of dough into a yellow gluten-rich phase and a
white starch-rich phase. A prerequisite for the inward
migration was the formation of large gluten domains. The
macroscopic migration was explained by considering the
elastic nature of the gluten phase, which led to a driving
force for the gluten phase to move towards the apex of the
cone upon shearing.
The use of simple shear flow in the case of dough leads
to structures in dough that could not be obtained using
mixing conditions. The fact that simple shear processing
does not alter the vitality of gluten (as measured by GMP)
combined with the fact that no reorientation hinders the full
assembly of gluten structures under flow explains the
structure formation process.
The Role of Simple Shear Flow in Dense Caseinate
Dispersions
Calcium caseinate dispersions could be transformed into
a wide range of structures with morphologies varying
from isotropic and non-fibrous to anisotropic and highly
fibrous.24,25 Figure 6 shows an example of a fibrous
structure that was obtained using the shearing device shown
in Figure 3. Figure 6 illustrates that this protein-rich
material possesses a hierarchical structure of which the
smallest fibrils have a diameter in the order of 100 nm. The
use of well-defined shear flow turned out to be essential
because the use of a mixer led to an isotropic dispersion of
calcium caseinate (CaCas). Comparable experiments with
sodium caseinate (NaCas) did not result in fibrous
structures either (see Figure 6c).26
The different behaviors of NaCas and CaCas under
simple shear flow were explained by considering the internal
structure of the dispersions, which was greatly influenced
by presence of calcium in the system. The CaCas dispersion
contained larger micelles (∼120 nm) than the NaCas disper-
sion (∼25 nm),27 which makes the CaCas micelles more
susceptible to hydrodynamic (shear) flow. In addition, due to
the presence of calcium, it is expected that the attractive
forces between the micelles is larger in the case of CaCas-
dispersion. The dissimilarities led to large differences in
rheological behavior as can be observed in Figure 7. The
CaCas dispersion showed shear-thickening at low shear
rates, followed by a sudden drop in viscosity, and subse-
quently shear-thinning at higher shear rates. In contrast,
NaCas showed moderate shear-thinning, liquid-like behavior,
suggesting that the internal structure was not significantly
altered by shear. Therefore, it seems that the formation of the
small fibrils (diameter ∼100 nm) was caused by a subtle
Fig. 6 Fibrous macrostructure (a) and microstructure [scanning
electron microscopy (SEM)] (b) of a CaCas dispersion (30 wt% in
water) containing 15 wt% palm fat obtained after enzymatic cross-
linking using transglutaminase. The shear rate applied was 120 s−1 for
30 min, and the process temperature was 50 °C. The size of photo a is
about 10 cm. c Microstructure (SEM) of a NaCas dispersion (30 wt%
in water) including 15 wt% fat, processed identically as the CaCas
dispersion
Fig. 7 The effect of shear rate on the viscosity of a 30 wt% CaCas
and a 30 wt% NaCas dispersion
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interplay between dispersion properties (e.g., micelle size,
micelle concentration, interaction between the micelles,
calcium sensitivity) and the simple shear flow applied. The
structure formation could thus be considered as a result of
self-assembly under flow. It should be noted however that an
additional solidification process was needed to obtain the
fibrous solid material. We applied a solidification process
based on enzymatic cross-linking using transglutaminase to
fixate the aligned micelles into fibrils. Without the solidifi-
cation, the material became hardly anisotropic. However, too
much cross-linking made the material unable to adapt itself
to the shear flow applied, which led to fracture of the fibrous
structure and syneresis.
The question now remains whether fibril formation can
also be obtained in other systems or whether we make use
of very specific Cacas-dispersion properties. We think that
the latter situation is the case because caseinates (including
CaCas) have unique protein properties. Nevertheless, the
observations described above resemble the shear-induced
structure formation reported for model systems.6,10 In those
systems, shear flow could be used to create anisotropic
structures. The concentration of structural elements, such as
micelles, their interaction, and their size were used to
explain the behavior of these dispersions under flow.
Concluding Remarks
Introducing simple shear flow as process parameter is a
promising tool for the creation of innovative structures
in food products. In biopolymer systems, the use of
simple shear flow results in product structures that
cannot be obtained when using traditional mixing
conditions. This is caused by the fact that simple shear
flow allows the biopolymer systems to form structures
based on a kind of self-assembly under flow. Parallels
between the systems described above and polymer
model systems could be further explored to get more
insights into the structure-formation process occurring in
biopolymer systems.
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